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Abstract 

This study aimed to identify factors influencing bacterial di v ersity in the Meuse Ri v er w atershed by anal yzing 42 locations sampled in 

spring and summer 2019, combined with biweekly sampling of one mid-stream location for a year. Bacterial community composition 

(BCC) was assessed in the small (SF; < 5 μm) and large fractions (LF; ≥5 μm,), alongside physico–chemical parameters. LF consistently 
exhibited greater alpha diversity than SF. During the spatial campaigns, alpha di v ersity incr eased downstr eam in spring with high 

disc harge , and BCC differ ed significantl y between headw aters and the main ri v er. Along this axis, sev er al gener a, Flavobacterium , 
Limnohabitans , and Aquirufa stood out as indicators of good water quality. Rhodoferax , another taxon indicati v e of good water quality, 
pr ev ailed in the headwaters and during winter. In contr ast, tw o cy anobacteria gener a indicators of poor ri v er quality, Micr oc ystis PCC 

7914 and Cyanobium PCC 6307 , peaked in summer. BCC in spring and summer temporal samples aligned with spatial ones, while winter 
and autumn samples had distinct BCC. Finally, season, temperature, and distance from river mouth were the main driving parameters 
of beta di v ersity, outw eighing the effect of fr action size on the BCC. These findings reinforce the notion that local conditions exert 
significant influence on bacterial communities in rivers. 

Ke yw ords: bacterial community composition; bioindicator; fraction size; headwater; Meuse River; watershed 
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Introduction 

Bacteria are integral to river ecosystems, where they contribute to 
vital biogeochemical processes such as organic matter decompo- 
sition and nitrification. Their importance is illustrated by the mi- 
crobial loop, i.e. the assimilation of dissolved organic matter into 
biomass by bacteria, which are then ingested by protists, them- 
selv es pr edated b y zooplankton (Azam et al. 1983 ). This pathw ay 
of carbon and nutrient cycling though microbial components is 
coupled to the classic food chain formed by the phytoplankton–
zooplankton–fish hier arc hy. 

Like in other en vironments , the analysis of bacterial commu- 
nity composition (BCC) in rivers has benefited from the rapid 

evolution of biomolecular techniques that started with low- 
r esolution finger printing follo w ed b y next-generation sequencing 
and more recently metagenomics. It has been shown in many 
studies that river microbial assemblages are dominated by a lim- 
ited number of phyla: Actinomycetota , Pseudomonadota , Bacteroidota ,
and Cyanobacteriota (pr e viousl y named as Actinobacteria , Proteobac- 
teria , Bacteroidetes , and Cyanobacteria , r espectiv el y) (Staley et al.
2013 , de Oliv eir a and Mar gis 2015 , Savio et al. 2015 , Wang et al.
2016 , 2019 , Hu et al. 2017 , Hassell et al. 2018 , Henson et al. 2018 ,
Blais et al. 2022 ). In particular, se v er al gener a hav e been fr equentl y
associated with freshwater en vironments , such as hgcI clade ( Acti- 
nomycetota ) (Kang et al. 2017 , Newton et al. 2007 ), Flavobacterium 
Recei v ed 31 October 2024; revised 17 February 2025; accepted 4 Mar c h 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
 Bacteroidota ) (Ha gber g et al. 2021 , Kirc hman 2002 ), Limnohabitans
 Pseudomonadota ) (Kasalicky et al. 2013 , Hu et al. 2018 ), and Fluvi-
cola ( Bacteroidota ) (Guo et al. 2020 , Ji et al. 2018 ). 

One way to differ entiate subgr oups in aquatic bacterial com-
unities is to analyze the BCC of particle-attached communities 
 ersus fr ee-living ones. Indeed the water column is a heteroge-
ous envir onment, wher e miner al or or ganic particles (e.g. flocs
f decaying phytoplankton) pr ovide v arious habitats and/or car-
on sources for bacteria, ther efor e being consider ed as hotspots of
icrobial abundances and activity compared to free-living bacte- 

ia (Crump et al. 1998 , Luef et al. 2007 ). Accordingl y, man y studies
eported that river bacterial diversity is higher in the fraction re-
ov er ed on 3- or 5- μm-sized filters (“particle-associated” bacteria) 
han in the flow through (“free-living” bacteria) (Crump et al. 1999 ,
elimiro v et al. 2011 , Sa vio et al. 2015 , Pa yne et al. 2017 , Henson
t al. 2018 , Liu et al. 2019 ). 

Along the river course, variations in BCC have been reported,
hat are reminiscent of what is observed for benthic invertebrates
nd has been framed as the River Continuum Concept (Vannote et
l. 1980 ). This concept describes how the physico–c hemical c har-
cteristics of a river change along its course, leading to a pre-
ictable succession of biological communities. In several stud- 

es, such a succession has been observed for bacterial communi-
ies (Staley et al. 2013 , Savio et al. 2015 ). Headwaters (HW) hold a
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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Figure 1. Map of the Meuse River watershed (in orange - contrasting 
with the bac kgr ound) and the sampling sites—Lx = Luxemburg.. 
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iv erse comm unity of little activ e soil- and gr oundwater-affiliated
axa (Crump et al. 2012 , Savio et al. 2015 ) or, on the contrary,
ast-gr owing r-str ategists (e.g. some Bacteroidota ) (Read et al. 2015 ).
hen, as the river progresses, the latter are progressively replaced
y “typical” k-strategists (Read et al. 2015 ), which are small, non-
otile, slo w-gro wing substrate specialists (Savio et al. 2015 , Niño-
arcía 2016 ) belonging, among others, to the hgcI I clade ( Actino-
ycetota ), and the Polynucleobacter and Limnohabitans genera (both

seudomonadota ) (Liv ermor e et al. 2014 , Pernthaler 2017 ). Gener-
lly speaking, the structure of biological communities is described
n the liter atur e as the result of the interplay of two antagonis-
ic mechanisms: “mass effect” and “species sorting” (Mouquet and
oreau 2002 , 2003 , Cadotte 2006 , Shanafelt et al. 2015 , Thompson
nd Gonzalez 2016 , Leibold et al. 2017 ). For riverine bacterial com-
unities, the “mass effect” process can be portrayed as the input

f allochthonous bacteria originating from surrounding riparian
one that, when pr e v ailing, leads to higher alpha diversity and
o w er beta diversity and the dominance of certain species such as
hose typical of soils (Wang et al. 2019 ). This phenomenon holds
articular significance in HW ecosystems . T hose species are not
he most locally adapted ones, but they are the most abundant
nes at a regional scale . Con versely, “species sorting” is the selec-
ion of the most fit species by the local (a)biotic parameters, lead-
ng to a lo w er alpha diversity and a higher beta diversity across
he rivers of a watershed (Suzuki and Economo 2021 ). 

In various studies, a gradual shift from mass effect to species
orting has been described along the river course. Indeed, as bac-
eria flo w do wnstr eam, they face incr eased competition for r e-
ources (Crump et al. 2012 , Savio et al. 2015 , Niño-García et al.
016 ), favoring the pr olifer ation of the most competitive species.
onv ersel y, other studies reported a stability in terms of alpha di-
ersity along the river course (Staley et al. 2014 , Wang et al. 2019 )
r an increase downriver (Henson et al. 2018 ), with no clear shift
n terms of beta diversity. This variety of results between differ-
nt studies suggest that the balance between local and regional
rocesses differs from one river ecosystem to another. 

In addition, the specific parameters influencing BCC appear to
iffer consider abl y between riv er watersheds, thus hindering the

dentification of univ ersall y consistent factors . T hese identified
riving parameters are either temperature (Ma et al. 2016 , Reza
t al. 2018 , Cruaud et al. 2020 , Wang et al. 2023 ), dissolved oxy-
en (DO; Feng et al. 2012 , Spietz et al. 2015 ), pH (Niño-García et
l. 2016 , Doherty et al. 2017 , Mateus-Barros et al. 2021 ), salinity
Ma et al. 2016 ), total suspended matter (TSM) (Sommaruga and
asamayor 2009 ), concentration and/or quality of organic matter

Judd et al. 2006 , Staley et al. 2014 ), and nitrogen and/or phospho-
us concentrations (Ma et al. 2016 , Hu et al. 2020 , Mateus-Barros et
l. 2021 ). The impact of watershed c har acteristics has been high-
ighted as well, such as the distance from the river source (Paudel
dhikari et al. 2019 ), river discharge (Doherty et al. 2017 , Cruaud
t al. 2020 , Caillon et al. 2021 ), landform (Liu et al. 2018 ), and land
se or land cover (Van Rossum et al. 2015 , Hosen et al. 2017 ). Some
tudies have also confirmed the influence of season, which inte-
r ates se v er al abov ementioned par ameters, on BCC (Crump et al.
009 , Doherty et al. 2017 ). Lastly, the effect of biotic factors such
s phytoplanktonic blooms (Winter et al. 2007 ) and composition
Šimek et al. 2011 ) or grazing rate by protozoa (Salcher et al. 2015 )
as been reported as well. 

One step further, se v er al studies hav e underscor ed the poten-
ial of bacteria as indicators of water quality due to their high
ensitivity to variations in water physico–chemical parameters
Zhang et al. 2008 , Martinez-Santos et al. 2018 ). Their effectiveness
s proxies for ecological status has been demonstr ated acr oss v ar-
ous aquatic en vironments . For example , in coastal ecosystems ,
ylagas et al. ( 2017 ) developed a bacterial biotic index that sho w ed
 significant correlation with anthropogenic compounds such as
ol yc hlorinated Biphen yls (PCB), cadmium, and organic matter.
e v er al families, among which Comamonadaceae and Flavobacteri-
ceae , were identified as indicators of poor ecological status. In the
onghua River , Y ang et al. ( 2019 ) found that bacterial indicators
f remediation could be identified based on their negative cor-
elation with nitrate levels, including members of the Comamon-
daceae family, Limnohabitans , Flavobacterium , and Rhodoferax . In the
an ube Ri ver, Fontaine et al. ( 2023 ) utilized the negativ e corr e-

ation between bacterial taxa and Chl-a concentration—a proxy
or eutrophication—to identify four genera as reliable indicators
f good water quality: Fluviicola , Acinetobacter , Flavobacterium , and
hodoluna . 

The Meuse Riv er, whic h is the focus of this study, is 926 km long,
anking as the 11th longest river of Western Europe, and crosses
hree countries (Belgium, France, and the Netherlands) (Fig. 1 ).
ts watershed area is 34 548 km 

2 and is populated by r oughl y 7
illions inhabitants [2009 census in Descy ( 2009 )], covering some

arts of Germany too. Its annual disc har ge at Jambes (located
idstream of the river) is 159 m 

3 /s (hydrometrie .wallonie .be). Its
ater serv es differ ent pur poses suc h as a gricultur e , industries ,
rinking water suppl y, hydr oelectricity pr oduction, and r ecr e-
tional activities (Descy 2009 ). Since the 1980s, se v er al surv eys
ave been undertaken on this riv er center ed on phytoplankton
roduction (Descy 2002 ), bacterioplankton biomass and produc-
ion (Servais 1989 ), planktonic food webs (J oaquim-J usto et al.
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2006 , Servais et al. 2000 ), dissolved carbon dioxide, methane and 

nitr ous oxide concentr ations (Bor ges 2018 ), or effect of floods on 

TSM (Hamers et al. 2015 ). 
To our knowledge, this study provides the first comprehen- 

siv e anal ysis of bacterial diversity in the Meuse River watershed,
with a distinction between large and small fractions (SF). Three 
distinct sampling campaigns were undertaken: two spatial cam- 
paigns covering the entire watershed during spring and summer,
when microbial activity is expected to peak, and one temporal 
campaign spanning a full year at a midstream site. 

The main objective of this study was to investigate the evo- 
lution of the BCC within the Meuse watershed using a spatio–
seasonal a ppr oac h, wher e two fr actions in the water column ar e 
consider ed separ atel y (small v ersus lar ge fr action). Specificall y,
this study aimed to: (i) assess whether spatial patterns of alpha 
diversity aligned with temporal ones, (ii) determine the extent to 
whic h envir onmental par ameters influenced beta div ersity, (iii) 
e v aluate if the BCC of the Meuse w atershed w as dominated b y typ- 
ical freshwater taxa, and (iv) determine whether dominant taxa 
could serve as bioindicators of river quality based on their corre- 
lation with environmental factors. 

Materials and methods 

Study sites and sampling str a tegy 

During the spatial campaigns, which took place during the spring 
and summer of 2019, 42 sampling sites were analyzed (Fig. 1 ).
Tw enty-four sites w ere sampled along the Meuse main river axis 
(MR) fr om the riv er source to its mouth, with a distance of r oughl y 
30 km between sampling sites. Due to practical limitations, no 
sample was taken between the river spring and 69 km down- 
stream. 

Eighteen sites were sampled in HW, which were located within 

an ar ea c har acterized by a single soil occupation and at maxi- 
mum 5 km from a stream source . T he QGIS 3.16.7 software was 
used to visualize maps of the Meuse watershed and its land use 
to choose the sampling stations . T he ar ea wher e the Meuse meets 
the Rhine and forms a delta was excluded from the watershed 

r epr esentation (Fig. 1 ) due to the complex water mixing in that 
section, which made it difficult to analyze the evolution of the 
Meuse BCC. Consequently, the study focused on a stretch of the 
riv er fr om its sour ce to 926 km do wnstr eam, whic h corr esponds 
to the entry point into the delta, with this point r eferr ed to as the 
“river mouth.” The temporal campaign was conducted at a site lo- 
cated midstream (Jambes, 440 km from the riv er mouth), whic h 

was sampled e v ery second week for 1 year, from February 2019 
to Mar ch 2020. GPS coor dinates of all study sites can be found in 

Table S1 , with sampling dates and values of studied parameters. 

Sample collection and analysis of (a)biotic 

parameters 

In small streams, surface water was car efull y sampled within the 
first 30 cm depth with a 10-l buc ket. Else wher e, wher e the river 
depth was superior to 1 m, surface water was collected using a 
buc ket attac hed to a r ope, fr om the middle of a bridge. Befor e col- 
lecting water, buckets were rinsed several times with the water 
from the same sampling site. Afterw ar ds, w ater w as tr ansferr ed 

into 10-l bottles, which were rinsed the same way. 
The experimental protocols are detailed in the Supplementary 

material. On site, temper atur e and DO wer e measur ed. In addi- 
tion, for bacterial production measurement, 10 ml of water were 
poured in 50-ml plastic flasks and those were stored in boxes filled 
ith river water in order to maintain the temper atur e close to the
iver one before incubation of the samples with the radioactive
ubstr ate (tritiated thymidine), whic h was performed at the lab-
r atory. Other par ameters wer e measur ed in the laboratory the
ame day: TSM, chemical oxygen demand (COD), and c hlor ophyll
 (Chl-a). Phosphate and ammonium concentrations were mea- 
ured for the samples of the spatial campaigns (HW and MR sam-
les), but not for those of the temporal campaign due to logis-
ical limitations. River discharge data were obtained from pub- 
ic institutions monitoring rivers in France (hydro.eaufrance.fr),
elgium (v oies-hydrauliques.w allonie.be), and the Netherlands 

rijks waterstaat.nl). T hose could not be determined for HW
treams. 

N A extr action, PCR, and sequencing 

ater samples were first filtered on 5- μm pore-sized polycarbon-
te filters (Dur a por e, Merc k Millipor e, Ir eland) to collect the “par-
icle associated” bacteria, or large fraction bacteria (LF). Then the 
o w through w as filtered on 0.2- μm pore-sized filters to collect
free living” bacteria, or SF bacteria. Filtration was performed un- 
il the filter was clogged, which typically occurred after ∼1 l was
ltered on a 5- μm filter and 300 ml on a 0.2- μm filter. DN A w as
xtr acted fr om the material r etained on the membr anes using
 phenol–c hlor oform–isoamyl-based extr action pr otocol (detailed 

n the Supplementary materials). 
A two-step Pol ymer ase Chain Reaction (PCR) pr ocedur e was

erformed. PCR1 consisted in the 16 rRNA gene amplification and
as executed in our laboratory, followed by gel electr ophor esis to
ssess the quality of amplicons that were then stored at −20 ◦C. 

The amplification protocol and the primers used [515F (GT- 
YCAGCMGCCGCGGTAA) and 806 Rb (GGACTACNVGGGTWTC- 
 AA T)] (Apprill et al. 2015 , P ar ada et al. 2016 ) wer e those r ecom-
ended by the Earth Microbiome Project to amplify the V4 region

f the 16S rRNA gene (Ca por aso et al. 2011 , 2012 ). 2.5 μl of DNA
5 ng/ μl) were put into a 0.2-ml PCR tube, with 5 μl of primer F
1 μM) and 5 μl of primer R (1 μM). Then, 12.5 μl of PCR mix were
dded (KAPA Hifi HotStart ReadyMix PCR Kit, Kapa Biosystems,
oche Sequencing, Switzerland). PCR1 was run as follows: 3 min
t 95 ◦C, 25 cycles of 30 s at 95 ◦C, 30 s at 55 ◦C, 30 s at 72 ◦C, and a
ast step of 5 min at 72 ◦C. Amplicons wer e stor ed at −20 ◦C. PCR2
onsisted in ligating the indexed adaptors to the amplicons. It was
erformed at the “Genotoul bioinformatics platform Toulouse Oc- 
itanie” ( https://bioinfo.genotoul.fr), which also carried out the Il- 
umina Mi-Seq paired-end sequencing (2 × 250 bp). 

The sequences obtained were submitted to the NCBI Nu- 
leotide Sequence Database (accession number: PRJNA1126447).
RA accession numbers are provided in Table S2 . 

ioinformatic pipeline and downstream analyses 

he demultiplexed raw file of sequence data of the 205 samples
as processed using the D AD A2 pipeline v1.16 (Callahan et al.
016 ) on the R v3.1 software (RStudio Team 2020 ). The process
ollo w ed b y this pipeline has already been detailed in a pr e vi-
us study (Fontaine et al. 2023 ). First, primers were removed, then
ereplication, denoising, and concatenation of paired sequences 
er e performed. Additionall y, forward and r e v erse r eads wer e r e-

pectiv el y trimmed at 220 and 210 bp length in order to discard the
ow quality parts of the sequences. Lastl y, c himer a wer e r emov ed.
1 992 816 reads remained out of 17 555 706. The lo w est number of
eads per sample was 1106, the highest was 132 274. All samples
ombined, a total of 65 169 Amplicon Sequence Variants (ASVs)
as obtained. Those ASVs were compared to the Silva database 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf022#supplementary-data
https://bioinfo.genotoul.fr
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf022#supplementary-data
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version 138.1) with the assignTaxonomy function in order to obtain
he taxonomic identification of ASVs . T he bootstr a pping thr esh-
ld was set to 100. Sequences identified as belonging to the genus
seudarcicella were then cross-referenced with the NCBI database
sing the BLAST tool ( https://blast.ncbi.nlm.nih.gov ), and subse-
uentl y r eassigned to the Aquiruf a genus . T his change in identi-
cation is explained in the section “Discussion.” Afterw ar ds, eu-
aryotes, c hlor oplasts, mitoc hondria, and arc haea wer e discarded.
528 216 reads (79,4%) corresponding to 31 578 bacterial ASVs (i.e.
8,5%) remained after this step. To perform alpha diversity com-
arisons, a random rarefaction of the ASV abundances was con-
ucted using the “rr ar efy” function (Oksanen et al. 2019 ). Prior to
 ar efaction, an y sample containing < 10 000 reads was excluded
r om the anal ysis to pr eserv e sufficient div ersity information. This
xclusion resulted in the loss of 14 samples out of 205 (7% of
he samples), including four samples of the spatial campaign on
he MR, three of the temporal campaign on the MR, and seven of
he spatial campaign on the HW. 10 out of the 14 samples corre-
ponded to LF samples . T he r ar efaction pr ocess was then carried
ut using the lo w est number of reads among the 190 remaining
amples, which was 10 019. The list of all ASVs and their abun-
ance in those 190 samples with the taxonomy associated can be
ound in Table S3 . 

ta tistical anal yses 

lpha diversity was assessed based on the Shannon index cal-
ulated using the Vegan pac ka ge in R (Oksanen et al. 2019 ). De-
ending on data normality distribution, ANOVA or Kruskal–Wallis
ests were applied to compare alpha diversity values between
roups (SF spring versus LF spring, SF spring versus LF summer,…).
o define whether alpha diversity values were significantly lin-
arl y corr elated with distance fr om the riv er mouth, Pearson
orr elation coefficients wer e calculated. Spearman r ank corr ela-
ions were also carried out to determine potential correlations be-
ween Shannon indexes or the most abundant genera (top 20) and
hysico–c hemical par ameters. 

The top 20 genera were determined separately for three dis-
inct groups: spatial MR, spatial HW, and temporal campaign.
n both spatial groups, the top 20 genera were calculated by
 ggr egating data from the SM and LF, as well as from both
pring and summer seasons. Similarly, for the temporal campaign,
ata from both fractions were aggregated to determine the top
0 genera. 

For beta diversity calculations, no rarefaction was performed.
nstead, data wer e pr ocessed according to Gloor et al. ( 2017 ). First,
he function cmultRepl from the zCompositions package (v1.3.4)
as used. This function enables to transform ASVs with zero

ount (which could cause errors after log-ratio transformation),
nto near-zero estimates (or probability of occurrence), there-
ore considering undersampling instead of absence. Afterw ar ds,
he microbiome pac ka ge was used to perform a center ed log-r atio
ransformation (clr) (Aitchinson 1986 ). 

A PERMANOVA test (adonis2 function in R) was performed
o identify, which variables explained beta diversity among the
ar ameters measur ed (i.e. most abundant gener a and physico–
 hemical par ameters). Distance-based constr ained anal ysis of r e-
undanc y (RDA) w as then executed using the Vegan pac ka ge to
 epr esent the differ ences in beta div ersity between the differ-
nt groups of samples (spatial, temporal, SF , LF ,…). The physico–
 hemical par ameters measur ed during both the spatial and tem-
oral campaigns were represented on the RDA plot as vectors,
ith their length positiv el y corr elated to the R 

2 v alues of the PER-
ANOVA test. 

esults 

atterns of alpha di v ersity in the HW and along 

he MR 

n the HW, no difference in alpha diversity was observed between
pring and summer nor between SF and LF bacterial communities
Kruskal–Wallis test, P -value = .25) (Fig. 2 A). 

Median Shannon index values were 5.3 for SF spring, 5.7 for LF
pring, 4.2 for SF summer, and 5.8 for LF summer. Variations in
lpha diversity was relatively consistent across the four groups,
xcept for SF summer, which sho w ed greater variation. The lo w er
umber of samples for the summer season was both due to low
equencing cov er a ge (whic h led to discard those samples, see the
ection “Materials and methods”) and the impossibility to sample
ome streams because they were dry. 

Along the main str etc h of the ri ver, alpha di versity of the LF was
reater than that of the SF, except close to the mouth of the river
uring summer, where the opposite trend was observed (Fig. 2 B).
f note, the river source (first sampling point on the MR axis also

ncluded in the HW) was c har acterized by a m uc h higher alpha
iversity (Shannon index from 4.9 to 5.7) than the following sam-
ling site located around 69 km downstream. 

During spring, alpha diversity of the LF and SF fractions in-
r eased significantl y along the riv er course (r espectiv el y R 

2 = 0.35,
 -value = .0036; R 

2 = 0.45, P -value = 5e −4 ) (Fig. 2 B). This could
e put in relation with the river discharge that was much higher
uring the spring campaign than the summer one and increased
har pl y downstr eam ( Fig. S1 A). This negativ e corr elation between
he Shannon index (for both fractions) and the distance from the
iver mouth or riv er disc har ge in spring was further confirmed by
alculations of Spearman correlation coefficients ( ρ = −0.49, P -
alue = .0042 for SF; ρ = 0.49, P -value = .0064 for LF) (Fig. 3 A).
or eov er, for both fr actions, a positiv e corr elation was also ob-

erved between the Shannon index, phosphate ( ρ = 0.55, P -value
 .0003 for SF; ρ = 0.69, P -value = .0001 for LF), and ammonium

 ρ = 0.63, P -value = .046 for SF; ρ = 0.49, P -value = .034 for LF),
nd a negative one with Chl-a ( ρ = −0.38, P -value = .009 for SF; ρ
 −0.38 P -value = .015 for LF). 
During summer, a significant decrease in alpha diversity oc-

urred in the LF along the main axis ( R 

2 = 0.37, P -value = .0036),
ith a major drop between km 267 and km 202 from the river
outh (Fig. 2 B). On the contrary, no significant variation of alpha

iversity could be observed for the SF along the main axis ( R 

2 =
.5e −5 , P -value = .99) (Fig. 2 B). Calculations of Spearman correla-
ion coefficients r e v ealed that the alpha diversity of the SF was
ignificantl y corr elated to ammonium ( ρ = 0.55, P -v alue = .0034)
nd phosphate ( ρ = 0.43, P -value = .037), and negativ el y to DO
oncentration ( ρ = −0.57, P -value = .012) (Fig. 3 B). No correlation
f alpha diversity was observed with river discharge. 

volution of alpha di v ersity ov er 1 year at one 

ampling site 

ener all y speaking, the Shannon index of bacterial communities
t the station sampled e v ery second week for 1 year (Jambes) was
gain higher for the LF than the SF (Fig. 2 C). Both fractions were
 har acterized by notable variations of alpha diversity between
uccessive sampling dates . Nevertheless , a decreasing pattern in
lpha diversity of the LF could be highlighted during summer, fol-
o w ed b y an increase at the end of the summer, in autumn and

https://blast.ncbi.nlm.nih.gov
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf022#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf022#supplementary-data
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Figure 2. Alpha diversity at the ASV level—(A) in HW, (B) in the Meuse MR (spatial study), and (C) at Jambes (annual study), W = winter 2018-2019. 
Numbers in the boxplots of Fig. 2 (A) r epr esent the numbers of samples. R 2 and P -values of Fig. 2 (B) correspond to the results of the Pearson correlation 
tests. Not all sample kms are present on the x -axis of Fig. 2 (B) to k ee p it readable. Km 926 corresponds to the river source. 

Figure 3. Spearman correlation matrices between physico–chemical parameters and the Shannon diversity index of the SF and LF fractions. (A) Spatial 
study in spring (without HW). (B) Spatial study in summer (without HW). (C) Temporal study. The scale and ther efor e the size of the dots corresponds 
to the value of the Spearman correlation coefficient ( ρ). Only correlations with P -value < .05 are represented by a symbol. 
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in winter (Fig. 2 C), to v alues abov e those observ ed in the two spa- 
tial campaigns on the MR axis (Fig. 2 B). No clear pattern could be 
highlighted for the SF. Inter estingl y, the high values of alpha di- 
versity of the LF fraction in autumn and winter matched those of 
riv er disc har ge at the same seasons ( Fig. S1 B). The link between 

both variables was confirmed by the positive Spearman correla- 
tion between the Shannon index of the LF and river discharge ( ρ
= 0.6, P -value = .002) (Fig. 3 C). In addition, the Shannon index of 
the LF was positiv el y corr elated to the concentration of TSM ( ρ = 

0.81, P -value = .00001), COD ( R 

2 = 0.57, P -value = .0487), and DO 

( ρ = 0.34, P -value = .032); differently, it was negatively correlated 

to temper atur e ( ρ = −0.62, P -value = .0026) and Chl-a ( ρ = −0.33,
P -value = .0118) (Fig. 3 C). Concerning the SF, the only significant 
correlation was that of the Shannon index with the COD ( ρ = 0.73,
P -value = .008). 

Evolution of the 20 most abundant genera across 

the watershed and along the year 
We then identified separ atel y the 20 most abundant genera in the 
HW (Fig. 4 A), along the Meuse main axis (MR) during spring and 
ummer (Fig. 4 B), and over 1 y ear at J ambes (Fig. 4 C). All in all, this
 epr esented 33 differ ent gener a when the differ ent studies wer e
 ggr egated (Fig. 5 ). 

In the HW, the top 20 most abundant genera accounted for
0%–40% of all ASVs (Fig. 4 A), wher eas they r epr esented a more
 ariable percenta ge of all ASVs (20%–80%) in both the MR and the
emporal study (Fig. 4 B and C). 

Nine gener a wer e unique to the top 20 of HW (i.e. not found
n the top 20 of the MR or of the temporal study). Those were,
n decreasing order of abundance, Novosphingobium , Aurantimi- 
robium , Yersinia , Cellvibrio , Dechloromonas , Pseudarcobacter , TM7a ,
seudorhodobacter , and Rhodoluna . Novosphingobium , Dechloromonas ,
seudarcobacter , and Pseudorhodobacter were negativ el y corr elated 

ith temper atur e and positiv el y with TSM, wher eas Cellvibrio was
egativ el y corr elated with temper atur e but not with TSM (Fig. 5 ). 

Nine top 20 genera were shared by the different studies (spa-
ial HW, spatial MR, and temporal studies), representing almost 
alf of the top 20 of each study. Among them, two genera,
lavobacterium and Limnohabitans wer e especiall y abundant acr oss
n all studies . T he other ones were Comamonadaceae ASV5, Fluvi-
cola , Methylotenera , Polynucleobacter , Aquirufa , Rhodoferax , and Sim-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf022#supplementary-data
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Figure 4. Relative abundance of the top 20 genera (A) in the HW, (B) in the main fluvial axis, and (C) in the temporal study at Jambes. W = winter. Not 
all sample kms are present on the x -axis of Fig. 4 (B) to k ee p it readable. Km 926 corresponds to the river source. 
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Figure 5. Spearman correlation matrix between (a)biotic parameters and the 20 most abundant genera (that were calculated separately for 
HW–MR–Temporal and further aggregated). The scale and therefore the dot sizes correspond to the value of the Spearman correlation coefficient ( ρ). 
Onl y corr elations with a P -v alue < .05 ar e r epr esented by a symbol. Taxa for whic h the PERMANOVA P -v alue was not significant (Table 2 ) hav e been 
r emov ed. 
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plicispir a . Rhodofer ax was more abundant in the HW, in both frac- 
tions and at both seasons, with a predominance in spring. A peak 
of this genus could also be observed during late autumn and win- 
ter in the LF (and to a lo w er extent in the SF) of the temporal 
study . Finally , it was easily detected in both fractions of the MR 

until km 203 (from the river mouth) in spring. Rhodoferax was 
negativ el y corr elated with temper atur e and positiv el y with TSM 

(Fig. 5 ). Flavobacterium was the second most abundant genus in the 
HW in spring and first one in summer (Fig. 4 A). Mor eov er, it was 
very abundant in the MR in spring (Fig. 4 B), and during autumn 

and winter in the temporal study (Fig. 4 C). In summer, its rela- 
tive abundance was greatly reduced in the MR and at Jambes. Co- 
her entl y, it was negativ el y corr elated to temper atur e (Fig. 5 ). This 
taxon sho w ed no pr efer ence for either of the fr actions. Limnohab- 
itans was more abundant in the SF than the LF in the HW during 
both seasons. Similarly, it was very abundant in the SF of the MR at 
both seasons, as well as in summer in the LF. It remained stable 
thr oughout the tempor al study for both fr actions. Furthermor e,
its r elativ e abundance decr eased along the MR whate v er the sea- 
son or fraction (Fig. 4 B). This change in relative abundance with 

distance was confirmed by a Spearman correlation ( Fig. S2 ). Con- 
cerning Aquirufa , its was little detected in the HW. In the MR and 

at Jambes, it was more abundant in the SF than LF, and consis- 
tently detected in spring, autumn, and winter while its presence 
in summer was sporadic (Fig. 4 B and C). Fluviicola and Polynucle- 
obacter were present at all stations along the MR and throughout 
the year at Jambes, with no clear variation in r elativ e abundance 
according to fraction or season for the first one, the second one 
being more abundant in the SF fraction. Comamonadaceae ASV5 
was consistently detected in spring in the HW, MR, and temporal 
study, and in lo w er abundance in summer and autumn. Gener all y 
speaking, it was more abundant in the SF than the LF. Methylotenera 
was detected in spring in the spatial campaigns (HW and MR), and 

in low abundance in autumn, winter, and spring at Jambes. It was 
lar gel y absent from the water masses in summer and exhibited a 
str ong negativ e corr elation with temper atur e (Fig. 5 ). Finall y, Sim- 
plicispira was r ecov er ed in greater abundance in the SF than the LF 
whate v er the study. It was less abundant in summer than in the 
other seasons. 
In addition, se v en top 20 gener a wer e shar ed by the MR and the
emporal study but not detected in the 20 dominant taxa in HW,
hich means that the water masses along the MR and at Jambes

hared a majority (16) of their top 20 genera. Those seven gen-
r a wer e Armatimonas , Candidatus Planktophila , hgcI clade , NS11-12
SV15, SAR11 Clade III ASV13, Sediminibacterium, and Sporichty- 
ceae ASV6. All were positively correlated with temperature and 

egativ el y with TSM (Fig. 5 ). In a gr eement with those results, Can-
idatus Planktophila , hgcI clade , and Sporichtyaceae ASV6 shared
imilar spatio–temporal patterns , i.e . a greater relative abundance
n summer. In ad dition, the y were more abundant in the SF over
he LF. Those tr ends wer e also v erified in the temporal study, in
hic h those thr ee taxa wer e almost absent in winter. Armatimonas
as more abundant in the LF fraction in all sampling campaigns,
specially in summer and autumn. SAR11 Clade III ASV13 was
ar gel y r epr esented in the SF of the MR (wher e a steady incr ease
n abundance was observed downstr eam, fr om km 465 to km 27
f the river mouth), and of the temporal study in summer. 

Finally, two taxa were greatly present in the top 20 of the MR
n summer and not in the other groups: Cyanobium PCC-6307 and

icrocystis PCC-7914 (Fig. 4 B). Both taxa were positively correlated 

o temper atur e (Fig. 5 ). A positiv e corr elation was also observed
etw een Cy anobium PCC-6307 and TSM. Cyanobium PCC-6307 was
he most dominant genus in the upper part of the MR (from km
52 to km 552 from the river mouth) in both fractions (10%–37%),
nd Microcystis PCC-7914 dominated downstream in the LF (from 

m 203 to km 27 of the river mouth). At the last four stations, this
ole genus r epr esented 50%–65% of all ASVs in the LF. 

riving parameters of beta diversity patterns 

able 1 presents the ranges of abiotic and biotic parameters mea-
ured for the three campaigns: HW during spring and summer, MR
uring spring and summer, and the temporal study at Jambes. 

A PERMANOVA test was done to identify which (a)biotic pa-
ameters explained the dissimilarity between bacterial commu- 
ities, all samples pooled. The test was significant for all physico–
 hemical par ameters ( P -v alue < .05), and the best explanatory
nes ( R 

2 > 0.05) were season, temperature, and distance from the

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf022#supplementary-data
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Table 1. Ranges (min–max) of abiotic and biotic parameters measured for the three campaigns: HW during spring and summer, MR 

during spring and summer, and the temporal study at Jambes. 

Parameters HW MR Temporal 

Spring Summer Spring Summer 

Temp ( ◦C) 6.5–16.2 13–19.4 10–16.4 15.7–22.7 6.4–23.3 
DO (ppm) 2.83–11.41 1.8–9.74 7.84–13.39 3.71–8.27 7.1–13.44 
COD (mg O 2 /l) 4–92.4 2.04–76.7 0.3–85.1 0.1–66.8 5.8–38.11 
Production ( μg C/l/h) 0.002–0.114 0.002–0.627 0.009–0.184 0.013–0.214 0.01–0.1 
TSM (mg/l) 1.4–38.7 2.3–58.3 2.6–18.3 2.3–16.04 1.4–82.4 
Chl-a ( μg/l) 0.21–17.5 0.17–13.89 0.4–18.3 0.465–29.17 0.2–59.6 
Ammonium (mg/l) 0.016–6.927 0.008–0.102 0.022–0.442 0.027–0.315 NA 

Phosphate (mg/l) 0.004–2.223 0.03–1.77 0.01–0.4 0.02–0.91 NA 

Discharge (m 

3 /s) NA NA 0.01–188.33 0.01–43.695 22.1–786.38 

Temp = temper atur e, DO = dissolved oxygen, COD = chemical oxygen demand, TSM = total suspended matter, and Chl-a = c hlor ophyll a . 

Figure 6. RDA r epr esenting all samples (HW, spatial studies on the MR, 
and temporal study). HW = headwaters; MR = main river. (A)biotic 
par ameters measur ed ar e pr esented as v ectors. Temp = temper atur e; 
TSM = total suspended matter; DO = dissolved oxygen; COD = chemical 
oxygen demand; and Chl-a = Chlorophyll a . 
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iver mouth (Table 2 ). Moreover, among the top 20 most abundant
axa calculated separ atel y for all thr ee datasets (HW, main fluvial
xis, and temporal study) and a ggr egated, Flavobacterium emer ged
s the most influential taxon to discriminate the communities,
ollo w ed b y Rhodoferax and Sediminibacterium . 

On the redundancy analysis plot (Fig. 6 ), a progressive distinc-
ion of samples according to distance and season was visible for
he spatial surveys, with the HW samples being clearly separated
rom the others. Regarding the tempor al surv ey, most samples of
he autumn and winter seasons formed a cluster separated from
he spatial study, r e v ealing a different BCC during those seasons,
hile the summer and spring samples were grouped with the spa-

ial samples of the same seasons . T he temper atur e v ector pointed
o w ar d the summer season downstream (and concomitantly to
he summer samples of the tempor al campaign), wher eas the DO
nd TSM vectors pointed to w ar d the autumn and winter sam-
les of the temporal campaign. The latter vector also pointed to-
 ar d some HW samples . T he bacterial pr oduction and Chl-a v ec-
ors pointed to w ar d midstream in summer, and the COD vector
ointed to w ar d the upstream samples of the spatial campaign.
espite being significant according to the PERMANOVA test (Ta-
le 2 ), the factor “fraction size” did not differentiate the samples
s str ongl y as season, temper atur e, and distance ( Fig. S3 ). 

dentification of bacterial taxa correlated with 

hysico–chemical parameters of water quality 

n order to identify taxa among the top 20 most abundant ones
hat wer e corr elated with physico–c hemical par ameters indica-
ive of water quality, i.e. DO, ammonium, and phosphate concen-
r ations, we further anal yzed the Spearman corr elation matrix
f Fig. 5 . Ten genera were identified as positively correlated with
O. The most significant correlations were observed for Flavobac-

erium and Rhodoferax (two discriminating taxa of beta diversity,
able 2 ) and Methylotenera . In addition, a str ong negativ e corr ela-
ion was observed between DO and Cyanobium PCC 6307 (Fig. 5 ).
nother Spearman correlation matrix was calculated exclusively
n the main fluvial axis spatial study ( Fig. S2 ), during which the
ost abundant taxa exhibited great variations (Fig. 4 B) and for
hich nutrient concentrations were a vailable . Here again, the

hr ee abov ementioned taxa ( Flavobacterium , Rhodoferax , and Methy-
otenera) sho w ed a str ong positiv e corr elation with DO, and the
egativ e corr elation between Cyanobium PCC 6307 and DO was
onfirmed. In addition, Flavobacterium and Rhodoferax were nega-
iv el y corr elated with phosphate concentr ation ( Fig. S2 ). Plus, the
 elativ e abundance of Rhodoferax was positiv el y corr elated to COD,
 proxy of the amount of organic matter in the water (Fig. 5 and
ig. S2 ). Other genera were correlated with DO and nutrients in
he spatio–seasonal campaigns of the Meuse River axis. On one
ide, Limnohabitans , Aquirufa , Comamonodaceae ASV5 , and Sphin-
orhabdus wer e positiv el y corr elated with DO and negativ el y cor-
elated with phosphate ( Fig. S2 ). On the other side, SAR11 Clade
II ASV13 and Microcystis PCC 7914 were positively correlated with
hosphate concentration. 

iscussion 

he LF holds greater di v ersity than the SF 

n this survey of the Meuse watershed, both spatially (at two
easons) and tempor all y (at one sampling station mid-str eam,
 ambes), alpha diversity w as significantl y gr eater in the LF than in
he SF. Such a trend was observed in the HW (although not signif-
cant), in the waters of the main fluvial axis (with the exception of
he summer samples close to the mouth, dominated by Cyanobac-
eriota ), and at Jambes throughout the year. The difference in

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf022#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf022#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf022#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf022#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf022#supplementary-data
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Table 2. PERMANOVA analysis to identify the driving par ameters of beta-div ersity among the physico–c hemical par ameters and among 
the top 20 most abundant genera (that were calculated separately for HW–MR–Temporal and further aggregated). 

Parameters R 2 F P -values Parameters R 2 F P -values 

Flavobacterium 0 .3012 5 .031 .001 NS11-12 marine group ASV3 0 .02 503 4 .158 .001 
Season 0 .12 422 4 .255 .001 SAR 11 Clade III ASV13 0 .0243 4 .034 .001 
Temper a ture 0 .07 308 14 .585 .001 Armatimonas 0 .02 383 3 .553 .001 
Rhodoferax 0 .05 881 10 .122 .001 Yersinia 0 .02 354 3 .906 .001 
Sediminibacterium 0 .053 9 .066 .001 Sphingorhabdus 0 .02 158 3 .573 .001 
Distance from ri v er mouth 0 .05 239 10 .228 .001 Pseudarcobacter 0 .02 042 3 .377 .001 
Candidatus planktophila 0 .05 105 8 .715 .001 Microcystis PCC 7914 0 .01 933 3 .193 .002 
hgcI clade 0 .04 804 8 .175 .001 Planomicrobium 0 .01 926 3 .181 .001 
Fluviicola 0 .04 639 7 .881 .001 Novosphingobium 0 .01 853 3 .058 .001 
Fraction size 0 .04 496 8 .709 .001 Comamonadaceae ASV5 0 .01 556 2 .560 .001 
Limnohabitans 0 .04 372 7 .407 .001 Acinetobacter 0 .01 534 2 .523 .002 
Sporichthyaceae ASV6 0 .04 231 7 .158 .001 Rhodoluna 0 .01 507 2 .479 .004 
NS11-12 marine group ASV15 0 .04 056 6 .848 .001 TM7a 0 .01 416 2 .326 .003 
Cellvibrio 0 .03 779 6 .362 .001 Methylotenera 0 .01 333 2 .189 .009 
Dechloromonas 0 .03 751 6 .313 .001 COD 0 .01 202 2 .044 .001 
Algoriphagus 0 .03 728 6 .273 .001 Simplicispira 0 .01 117 1 .829 .018 
DO 0 .03 673 7 .053 .001 Polynucleobacter 0 .01 116 1 .828 .057 
Aquirufa 0 .03 652 6 .140 .001 Chl-a 0 .01 105 1 .810 .021 
Pseudomonas 0 .03 456 5 .798 .001 Production 0 .00 988 1 .617 .037 
Cyanobium PCC 6307 0 .02 906 4 .849 .001 Aurantimicrobium 0 .00 983 1 .608 .09 
TSM 0 .02 536 4 .214 .001 Pseudorhodobacter 0 .00 943 1 .543 .147 

P ar ameters ar e r anked according to decr easing R 2 v alues. Gener a ar e in italic and (a)biotic par ameters in bold. Ammonium and phosphate ar e not pr esent in the 
table as not measured during temporal campaign, and river discharge neither, as not measured in HW. 
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bacterial diversity according to fraction size is in line with previ- 
ous studies, which addressed this topic (Crump et al. 1998 , Mohit 
et al. 2014 , Rieck et al. 2015 , Payne et al. 2017 , 2020 , Gweon et al.
2021 ). It is gener all y explained by the nutrient-rich and varied mi- 
cr oenvir onments associated with particles, which tend to harbor 
mor e div erse micr obial comm unities than the fr ee-living comm u- 
nities (Wang et al. 2012 ). On the other hand, the dominance of two 
Cyanobacteriota genera in the LF of some samples is likely due to 
their ability to form microcolonies, with an av er a ge size of 40 μm 

for Cy anobium (J ezbero vá and K omárko vá 2007 ) and > 100 μm for 
Microcystis (Xiao et al. 2018 ). 

Despite significant differences in alpha diversity between the 
SF and the LF, numerous taxa were shared between the two 
fr actions (i.e. Flavobacterium , Limnohabitans , Aquiruf a , Sporic hthy- 
aceae ASV6, and Comamonadaceae ASV5). Indeed, many bacte- 
rial taxa can alternate between free-living and particle-associated 

lifestyles (Grossart 2010 ). Ho w ever, notable differences in BCC be- 
tween SF and LF can also be highlighted in this study. Indeed, some 
taxa were far more present in the SF (i.e. hgcI clade , Polynucleobac- 
ter , and SAR11 clade III ASV13), whereas other taxa were in the LF 
(i.e. Armatimonas and Microcystis PCC-7914 ). Similar results were 
reported by Jackson et al. ( 2014 ), which observed a prevalence of 
the Cyanobium clade in the lar ger fr action of water masses in the 
Mississippi watershed in summer, while the SAR11 clade was pre- 
dominantly found among bacteria of smaller fraction sizes. In ad- 
dition, consistent with our findings , Sa vio et al. ( 2015 ) observed 

a dominance of the SAR11 clade and hgcI clade in the SF in the 
Dan ube Ri ver in summer. The ecology of se v er al of these taxa is 
discussed further below. 

Bacterial alpha di v ersity c hanges from HW to the 

mouth of the Meuse Ri v er 
Unlike waters of the main axis, the HW did not show significant 
change in alpha diversity between season or fr action, r e v ealing 
a stable diversity of the water masses. Our results are in con- 
rast with another seasonal study on HW, where a higher diver-
ity was observed during spring compared to summer, which was
xplained by the higher influence of allochthonous inputs during 
pring (La perrier e et al. 2020 ). 

In addition, the Shannon index of HW (around 5.5) was higher
han that of the waters of the main axis (mostly between 4 and
). Of note, the sharp decrease in alpha diversity that was ob-
erved between the HW (including the Meuse source, km 926 of
he river mouth) and the second sampling point along the Meuse
xis located 69 km downstream indicates that this stretch of the
iv er deserv es further explor ation in the future, with sampling at
ntermediate locations. Ne v ertheless, the gr eater alpha div ersity
f HW compared to locations further downstream has been ob-
erved in the Danube as well (Savio et al. 2015 ). It was explained
y the mass effect being a bigger driver of div ersity upstr eam than
pecies sorting. Mor eov er, gr oundwater has been r eported to hold
 greater bacterial diversity than river water (Retter et al. 2023 ,
i et al. 2022 ). This difference is explained by a mor e neutr al pH
Fierer et al. 2007 ) and a more stable temperature of groundwater
Pinto and Nano 2015 ). Finally, Retter et al. ( 2023 ) highlighted that
he gr eater pr oductivity (based on cellular ATP and cell count) in
iv er compar ed to gr oundwater r esults in a lo w er div ersity, whic h
s consistent with our findings. 

In the spring campaign, the increase in alpha diversity along
he main axis could be explained by higher precipitations than
uring that of summer. As a consequence of precipitations, a
teep, pr ogr essiv e incr ease of disc har ge was observ ed along the
ain axis . T he positiv e corr elation between alpha div ersity and

isc har ge could be explained by the fact that the dispersion ef-
ect ov err ode the species sorting effect during rainfall events . T his
ypothesis was put forward in the temporal study of a Canadian
iver subject to seasonal ice cover by Cruaud et al. ( 2020 ) and was
lso supported by the work of Caillon et al. ( 2021 ) on the effect of
ood e v ents on the BCC of str eams. 

Conv ersel y, the decr ease in diversity along the main axis ob-
erved in summer (for LF) was consistent with another study
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arried out at this season in other rivers in the Northern hemi-
phere (Ruiz-González et al. 2015 ). In our study, the summer cam-
aign was c har acterized by a m uc h lower flow than the spring one,
nd it is likely that species sorting overrode mass effect. 

acterial alpha di v ersity varies substantially over
-w eek interv als a t the same sampling sta tion 

ignificant fluctuations in alpha diversity were observed within
 2-week period throughout the year. Similar observations were
ade in an annual study conducted at a single sampling site on

he Mississippi River by Payne et al. ( 2020 ). The authors explained
hose short-term fluctuations, especially noticeable in the sum-

er, by sudden and unpredictable disturbances happening briefly
such as variations in local currents). 

Seasonal v ariations wer e noticed in our study as well: alpha di-
ersity of the LF increased with river discharge (especially in win-
er). This rise in alpha diversity was most likely linked to a rise
n the concentration of suspended particulate matter carried in
he water during high water e v ents, pr oviding additional micro-
abitats for the bacteria (Crump et al. 1999 , Ortega-Retuerta et al.
013 ). Indeed, a high correlation coefficient was recorded between
lpha diversity of the LF and TSM in our study. The decrease in al-
ha diversity during summer was expected, as species sorting is
nown to be positiv el y corr elated with temper atur e (Wang et al.
019 ). 

he dominant genera unique to HW are not 
ypical freshwater taxa 

s mentioned earlier, Novosphingobium, Aur antimicr obium,
 ersinia, Cellvibrio, Pseudarcobacter , TM7a, Pseudorhodobacter ,
ec hlor omonas, and Rhodoluna wer e detected in the top 20 most
bundant genera of HW but not of the MR axis . No vosphingob-
um is a ubiquitous, metabolicall y v ersatile taxon that has been
ound in a large variety of habitats, where it decomposes or-
anic compounds (including pollutants): the rhizosphere, con-
aminated bulk soils , sea w ater, and freshw ater (Lee et al. 2014 ,
heu et al. 2016 , Kumar et al. 2017 ). The type strains of Aurantimi-
r obium hav e been isolated fr om v arious habitats suc h as fr esh-
ater (Nakai et al. 2015 ), a riv er r eceiving swine w astew ater (Sun

t al. 2024 ) and fish gut microbiota (Chen et al. 2024 ). Yersinia, has
een detected in various en vironments , such as human feces, ani-
al feces and intestines, freshwater, and food (Sulakvelidze 2000 ,

ukushima et al. 1988 ). Cellvibrio is a genus associated to sediment,
oil, and rhizosphere environments (Blackall et al. 1985 , Mergaert
t al. 2003 , Zhang et al. 2020 , Lau and Furusawa 2024 ), with ex-
eptional capabilities to degrade plant biomass (Xie et al. 2017 ,
au and Furusawa 2024 ). While it has been observed in localized
W in the Southeastern USA (Teachey et al. 2019 ) and in natural

prings in Taiwan (Chen et al. 2017 ), its absence from studies per-
ormed on a broader scale like that of La perrièr e et al. ( 2020 ) in
ortheastern USA streams suggests that its distribution may be

ite-specific and heavily influenced by local environmental fac-
ors . T he presence of Dechloromonas is often associated with
noxic, or ganic-ric h envir onments suc h as Waste water Tr eatment
lants (WWTPs) (Hu et al. 2012 , Saunders et al. 2016 ). Pseudarcobac-
er has been detected in a variety of aquatic envir onments suc h
s seawater, marine inv ertebr ates, but also se wa ge and WWTPs
Basiry et al. 2024 ). Similarly, Pseudorhodobacter has been recovered
rom marine sediment, seawater, marine inv ertebr ates, but also
 astew ater (Bian et al. 2024 ) and sludge (Calderon-Franco et al.
022 ). TM7a has been found in soils, the human gut, and river-
ne environments (Jin et al. 2024 ). Lastly, Rhodoluna is an aquatic
enus that has been r eported acr oss the Danube River (Fontaine
t al. 2023 ) but was only identified here as part of the top 20 genera
f HW and not of MR. 

In conclusion, most genera exclusive to the HW of the Meuse
atershed are associated to soil and/or aquatic environments pre-
ominantl y ric h in or ganic matter. This observ ation aligns with
he greater values of COD recorded in the HW samples compared
o those of the MR. In addition, the association of se v er al of those
axa with w astew ater/sludge suggest a potential contamination
f HW sampling sites by wild animal feces , cattle , or ma ybe hu-
an w astew ater. Ho w ever, those results should be inter pr eted
ith caution, as many of the abovementioned bacterial genera

nclude multiple species with different ecological niches. 

e ver al dominant taxa detected along the MR 

xis and in the temporal study were identified as 

otential bioindicators of water quality 

hr ee br oad-r anging par ameters wer e selected to assess water
uality within the Meuse watershed: DO, ammonium, and phos-
hate concentrations. In the case of the Meuse River, Chl-a could
ot serve as a proxy of eutrophication, and thus as an indicator
f river quality, due to its reduction by the activity of filter-feeding
nv asiv e species (discussed in detail further). 

Two dominant taxa in the temporal and spatial studies (MR and
W) were identified as potential indicators of water quality in the
euse watershed, as was the case in studies on other watersheds:

lavobacterium and Aquirufa. Regarding Flavobacterium , the preva-
ence of this primarily aerobic chemoorganotroph genus can be
ttributed to its capacity for degrading a range of biopolymers
ike cellulose, chitin, and pectin (Kirchman 2002 ). In the Meuse
iver, Flavobacterium can be considered as an indicator of good
ater quality, due to its positive correlation with DO and nega-

iv e corr elation with phosphate . T he same status w as inferred b y
ontaine et al. ( 2023 ) in the Dan ube Ri ver. Its almost complete dis-
 ppear ance fr om the top 20 genera in the main axis of the Meuse
iver in summer is in line with results reported in the Mississippi
iv er (P ayne et al. 2020 ). One possible explanation can be found

n the negative correlation of Flavobacterium with temperature in
he Meuse fluvial axis. 

As for Aquirufa , it has recently been isolated from freshwater
nvir onments closel y linked to terr estrial ecosystems. It has the
bility to degrade pectin, a polymer found in the cell walls of
errestrial plants (Pitt et al. 2019 , 2022 , Sheu et al. 2020 ). More-
ver, its rhodopsin system allows it to perform photoheter otr o-
hy (Pitt et al. 2022 ), enabling survival in nutrient-poor environ-
ents (Chiriac et al. 2023 ). It is suspected to be a pr e v alent fr esh-
ater taxon, as the 16S rRNA gene of isolates match that of un-

ultured clones found in various studies on rivers (Crump and
obbie 2005 ), lakes (Burkert et al. 2003 ), and freshwater sediments

Tamaki et al. 2009 ). Aquiruf a is closel y r elated to Pseudarcicella , a
enus initially isolated from leech skin (Kämpfer et al. 2012 ) and
ommonly identified in various riverine environments (Sun et al.
018 , Yang et al. 2019 , Cruaud et al. 2020 ). It should be noted that
quirufa can be mistaken for Pseudarcicella during routine identifi-
ation with certain databases (Hahn M, personal communication),
ighlighting the importance of careful examination of ASV se-
uences. Aquirufa was considered an indicator of good water qual-

ty in the Meuse due to its positive correlation with DO and neg-
tiv e corr elation with phosphate . T his aligns with pr e vious find-
ngs, whic h r eported a str ong negativ e corr elation between Aquir-
fa abundance and total algae levels in a lake reoligotrophication
ssessment (Farkas et al. 2022 ). 
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In addition to those three taxa, it is noteworthy to highlight the 
presence of the genus Rhodoferax in the top 20 most abundant gen- 
era of the Meuse watershed, especially the HW and the tempo- 
ral campaign. Rhodoferax spp. are purple nonsulfur, mostly facul- 
tativ e anaer obic bacteria (Kaden et al. 2014 ). This genus was de- 
fined as a “typical freshwater taxon” (Okafor 2011 ), which reduces 
ir on. It r epr esented ∼5% to ∼10% of all ASVs at the riv er source,
which aligns with multiple previous studies reporting Rhodoferax 
in aquifers (Zhuang et al. 2011 , Abiriga et al. 2021 , Kasanke et al.
2021 ). Species sorting would then make it pr ogr essiv el y decr ease 
in the next kilometers, which was observ ed fr om the second sam- 
pling point along the river axis, especially in summer. T herefore ,
it can be considered a tracer of groundwater. Rhodoferax relative 
abundance was negativ el y corr elated to temper atur e and phos- 
phate concentration, two parameters increasing downstream. Its 
gr eater pr esence during late autumn and winter is coherent with 

a recent study on Chinese urban rivers (Wang et al. 2023 ) and 

with the identification of this genus in cold environments such as 
Arctic lakes (Van Tr a ppen et al. 2002 ), beneath an Arctic glacier 
(Cheng and Foght 2007 ), and in the permafrost (Steven et al.
2008 ). 

Furthermore, two taxa were observed at specific locations and 

seasons, with a status of indicator of poor water quality that is 
backed up by the literature: Cyanobium PCC-6307 and Microcys- 
tis PCC-7914. Those Cyanobacteriota genera were detected in great 
abundance in the LF fraction of downstream locations along the 
fluvial axis in summer, concomitantly with the highest values 
of Chl-a within MR (max 30 mg/l). Ho w e v er , no statistical cor - 
relation between those Cyanobacteriota relative abundances and 

Chl-a concentrations could be established. Phytoplankton blooms 
( ∼120 mg of Chl-a/l) used to occur in the upstream section of 
the Meuse (until km 400 from the river mouth), where the dis- 
c har ge is still moderate (Descy et al. 1987 ). Indeed, phytoplankton 

production depends on the balance between growth rate and di- 
lution r ate. Downstr eam, the phytoplankton biomass would de- 
crease due to dilution by tributaries, protozoan grazing, and cell 
mortality (Descy and Gosselain 1994 ). Ho w e v er, this pattern is no 
longer valid, as blooms have drastically diminished in the Meuse 
River for the last 15 years due to the invasion of filter-feeding mol- 
luscs such as Dreissena polymorpha (zebra mussel), Dreissena poly- 
morphys (Marescaux et al. 2015 ), and Corbicula spp . (Pigneur et al.
2014 ). The greater abundance of Cyanobium midstream could be 
negativ el y and positiv el y corr elated with DO and temper atur e, r e- 
spectiv el y. In accordance with this , Cy anobium has been described 

as fr equentl y found in w arm w aters (Stanier et al. 1971 ). More- 
ov er, the pr esence of Cyanobium PCC-6307 has been reported in 

a variety of aquatic en vironments , such as lakes and reservoirs,
riv ers (Er aqi et al. 2021 , Blais et al. 2022 ), coastal ar eas (Adyasari 
et al. 2020 ), seas (Kolda et al. 2020 ), or e v en WWTP effluents (Mil- 
lar et al. 2022 ). Microcystis PCC-7914 has been reported in a smaller 
range of habitats , i.e . lakes (Wu et al. 2021 , Li et al. 2023 ) and rivers
(Millar et al. 2022 ). Its peak close to the river mouth can be ex- 
plained by its positive correlation with phosphate concentration 

(incr easing downstr eam), whic h has alr eady been highlighted in 

pr e vious studies (Davis et al. 2009 , Harke and Gobler 2013 ). Both 

Cyanobium PCC-6307 and Microcystis PCC-7914 are known to poten- 
tiall y r elease c y anotoxins (Millar et al. 2022 ); ther efor e their pr es- 
ence poses a health risk for the fauna and potentially humans and 

should be the object of further investigation. 
Other taxa were identified as indicators in this study (i.e. Lim- 

nohabitans , Methylotenera , NS11-12 marine group, and SAR11 clade 
III) but their indicator status contradicted findings from previ- 
ous studies. Detecting Limnohabitans among the dominant gen- 
ra was unsurprising. Indeed, Limnohabitans has been character- 
zed as a genetically diverse taxon with wide ecological distribu-
ion (Jezbera et al. 2013 ). Its significant contribution to freshwater
acterioplankton communities stems from its rapid substrate up- 
ake and growth, utilization of algal-derived substrates, and sus- 
eptibility to high mortality rates from bacterivory (Kasalický et 
l. 2013 ). The extensive study on the Danube River of Fontaine et
l. ( 2023 ) defined it as an indicator of eutrophic conditions, while
ere, the opposite status was suggested, due to its positive cor-
elation with DO and negative correlation with phosphate . T he
ifference might be due to the criterion used to identify bacte-
ial indicators: Fontaine et al. ( 2023 ) looked for correlations of
axa abundance with Chl-a concentration (a proxy for eutrophi- 
ation) whereas we proceeded in the same way using nutrient and
O concentrations. Methylotenera and NS11-12 marine group were 
ther indicators of good quality in the Meuse watershed (posi-
iv el y corr elated with DO and negativ el y with phosphate). How-
 v er, pr e vious studies have reported the presence of Methyloten-
ra in numbers in rivers affected by a gricultur al activities (Huang
t al. 2018 ), and the NS11-12 marine group was associated with
etal contamination (Pb and Cu) in a coastal area (Coclet et al.

019 ) and with dissolved organic carbon originated from algal 
looms or from external inputs in lakes and rivers (Farkas et al.
020 ). 

The fourth taxon, SAR 11 clade III is typically associated with
arine habitats but has also been detected in freshwater envi-

onments (Tsementzi et al. 2019 ). Its summer peak in the Meuse
s in a gr eement with the results of several studies in oceans (Carl-
on et al. 2009 , Eiler et al. 2009 ) and in lakes (Salcher et al. 2011 ,
einrich et al. 2013 ). It might be linked to the presence of prote-
rhodopsin in these bacteria (Atamna-Ismaeel et al. 2008 ). More-
v er, it pr esented a positiv e corr elation with phosphate concen-
r ation, r eflecting its potential as bioindicator of poor freshwater
uality. This correlation is opposite (Salcher et al. 2011 ) or consis-
ent (Heinrich et al. 2013 ) with what was observed in lacustrine
n vironments . 

Finall y, r egarding the other abundant genera across the Meuse
 atershed, w e could not identify any as bioindicator. Some taxa

 Armatimonas , Candidatus Planktophila , hgcI clade , and Sporichthy-
ceae ASV6) were not identified as bioindicators in the litera-
ur e either, wher eas others had been classified as indicators of
ood river quality, i.e. Fluviicola (Ji et al. 2018 ) and Sediminibac-
erium (Song et al. 2017 ), or of poor river quality, i.e. Polynucleobacter
Pandey et al. 2014 ) and Simplicispira (Vignale et al. 2023 ). 

ifferences in BCC between spatial and temporal 
ampaigns are mostly explained by season, 
istance, and temper a ture 

oncerning the impact of season on beta diversity, it was ex-
ected to be significant. Indeed, the distinction between win- 
er and summer samples, with spring and autumn intermediary,
ligns with other studies (Crump and Hobbie 2005 , 2009 , Doherty
t al. 2017 , Payne et al. 2020 ). The second most influential physico–
 hemical par ameter dri ving beta di v ersity was temper atur e . T his
as been shown to differentiate BCC in different studies of flu-
ial axes (Cruaud et al. 2020 , Payne et al. 2020 ). The third driv-
ng parameter, distance from the river mouth, has been demon-
tr ated to significantl y influence BCC in various studies on tem-
er ate riv ers undertaken during spring (Crump and Hobbie 2005 ,

ordaan and Bezuidenhout 2013 , Read et al. 2015 , Savio et al. 2015 ,
hao et al. 2021 ). T he same conclusion was dra wn in a study
n the Koshi River flowing through regions with cold to tropical
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limates (Paudel Adhikari et al. 2019 ). Ho w ever, a recent investi-
ation on the Nile River (Eraqi et al. 2021 ) revealed that distance
id not influence beta diversity, neither during summer nor win-
er, presenting a notable deviation from previous findings. Finally,
n our study, the impact of fraction size on beta diversity was
o w er than the driving parameters mentioned earlier, even if it
as still significant. This r esult contr asts with se v er al studies of

iv erine bacteria, whic h hav e shown a clear separ ation of sam-
les according to the fraction size (Savio et al. 2015 , Henson et al.
018 ). 

onclusion 

his w ork w as the first to address the BCC of the Meuse River
 atershed. Furthermore, its originality w as to combine a spatio–

easonal survey with a high frequency annual survey. The taxa
dentified in the HW and the main Meuse River, at different time
cales, were consistent with those found in other freshwater envi-
 onments. Similarl y, the main envir onmental par ameters explain-
ng the dissimilarity of BCC between sampling locations have been
eported in other surveys of lotic bacterial communities. Yet, the
iverine BCC in the Meuse watershed and its spatio–temporal vari-
tions were unique, further illustrating the absence of a single
attern of bacterial diversity in rivers worldwide. A notable dis-
inction in our study was the r elativ el y minor influence of fraction
ize on BCC variations compared to the more significant roles of
eason, temper atur e, and distance from the river mouth. This con-
rasts with other studies, which have placed greater emphasis on
raction size. 

Mor eov er, some bacterial taxa wer e significantl y corr elated
ith physico–chemical parameters, highlighting their potential as

ndicators of good water quality in the Meuse River, i.e. Flavobac-
erium , Limnohabitans , Aquirufa , Methylotenera , Rhodoferax , and NS
1–12 marine gr oup. Conv ersel y, indicators of poor riv er quality
ould be identified as well, i.e . Cy anobium PCC-6307 , Microcystis
CC-7914 (particularly abundant in the summer campaign in the
euse), and SAR 11 clade III. It is important to mention how-
 v er, that the identification of those “bioindicator” genera was
onstrained by the limited number of physico–chemical param-
ters measured in this study. Moreover, ammonium and phos-
hate, wer e onl y measur ed in the spatial study on the MR axis
ue to technical limitations. To increase the discriminating po w er
f such analyses, measurements of those parameters should be
pplied to any future study, and as well as other parameters, such
s dissolved organic carbon and nitrate. 

Additional spatial studies on this watershed during autumn
nd winter would be valuable to confirm the pronounced differ-
nces of BCC observed during the temporal campaign at those
easons. Further on, a multiyear analysis would provide a clearer
nderstanding of the spatio–seasonal patterns in the Meuse wa-
ershed and potentially reveal the impact of climate change on
iverine BCC. In that respect, performing analyses based on RNA
equencing of the 16S rRN A w ould provide an additional stand-
oint on the Meuse BCC, b y allo wing to identify the active fraction
f the bacterial community inhabiting the water column. Lastly,
eta genomic anal yses w ould allo w to c har acterize the k e y func-

ions performed by the riv er micr obiota that we have character-
zed in this study. 
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